Section: Technology and imaging
Introduction
Performing perforator-based flap reconstruction requires careful selection of the perforator, flap design and donor site. A suitable perforator is ideally harvested from a donor site with minimal morbidity and is large enough to facilitate microsurgical anastomosis and adequately supply all portions of the flap. 1 In recent times, an increasing number of plastic and reconstructive surgeons have begun using modern 3D imaging and printing technologies to aid preoperative planning, intraoperative guidance and medical education. 2, 3 However, there is a lack of comprehensive review of these techniques that provides a global understanding of this novel field in a language suitable for clinicians.
Currently, a plethora of imaging modalities is being used in plastic and reconstructive surgery, mainly computed tomography angiography (CTA) and magnetic resonance angiography (MRA). Magnetic resonance angiography bypasses radiation exposure but is limited by only being able to detect vessels greater than 1 mm in diameter.
14 It also has lower spatial resolution 15 and poorer contrast differentiation from the surrounding soft tissue. 16 As a result, MRA has a lower sensitivity (50%) for detecting abdominal wall perforators than CTA. 9 Enhanced by recent advances in imaging techniques, 17 printing', 'preoperative planning', 'intraoperative guidance', 'education', 'training' and 'customised implant'. We also retrieved secondary references found through bibliographical linkages.
3D imaging rendering software
Through our literature review, we identified the most commonly used 3D image rendering software suites in medical application. We identified their specifications, such as the software language on which they are based, cost, open-source capability and function, by accessing the manufacturer's website or from publications.
3D perforator mapping
We identified that CTA and MRA are the most commonly used imaging modalities for 3D perforator mapping. Hence, we evaluated the software suites based on these modalities.
3D volumetric analysis
We focused our analysis of 3D volumetric analysis based on conventional 3D imaging techniques, CT and MRI. We systematically identified a list of software suites used to analyse 3D volumetric data from CT or MRI and examined their application in plastic and reconstructive surgery.
3D printing
Studies using 3D printing for preoperative planning in plastic and reconstructive surgery were assessed 
3D perforator mapping
In perforator based, free flap reconstruction, plastic surgeons commonly rely on CTA-or MRA-based 3D reconstructed images of the relevant perforators for preoperative planning (see Figure 1 ).
CTA
Computed tomography angiography is the most commonly used imaging modality for 3D perforator mapping, using maximum intensity projection 
Results and discussion
Numerous studies have explored the application of conventional imaging modalities for 3D perforator mapping, 3D volumetric analysis and 3D printing. 
3D image rendering

3D volumetric analysis
Accurate assessment of tissue volume is an important aspect of preoperative planning in plastic surgery. [34] [35] [36] [37] [38] Particularly in breast reconstructive surgery, volumetric analysis is paramount for achieving symmetrisation and a satisfactory outcome. [39] [40] [41] [42] [43] [44] However, an accurate, reliable and convenient method of objective breast volumetric analysis has remained elusive (see Figure 2 and Table 2 ). 
MRI
In comparison to CT, MRI has superior soft-tissue resolution and is thus more accurate at measuring However, ImageJ has yet to be investigated in clinical application.
(A) MIP reconstruction demonstrating the intramuscular and subcutaneous course of each perforator, and (B) VRT reconstruction demonstrating the location of the perforators (blue arrows) as they emerge from the rectus sheath in reference to the umbilicus (marked).
Fig 2. MRI-based 3D volumetric analysis in planning breast
3D printing
In contrast to medical imaging modalities that are limited by being displayed on a 2D surface, such as a computer screen, a 3D-printed biomodel 39 Rha et al, 41 Rosson et al, 43 Herold et al, 44 Lee et al, 46 Chae et al, 51 Rha et al, 52 Blackshear et al, 131 and Corey et al 135 can additionally provide haptic feedback. [99] [100] [101] and are beyond the scope of this article.
Preoperative planning
Three-dimensional printing has been most commonly used in plastic and reconstructive surgery for preoperative planning (see Table 3 ).
Autologous breast reconstruction
In 
Soft-tissue modelling
In a case of lower limb reconstruction, Chae et al 3D-printed a model of the soft-tissue defect that aided in flap design. 63 Similarly, Garcia-Tutor et al used 3D-printed models of large sacral defects to perform qualitative and quantitative volumetric assessment. 64 Cabalag et al fabricated a model of a giant squamous cell carcinoma that was useful for planning hemi-mandibulectomy and determining the length of the free fibular flap required.
105
Bony modelling
Taylor and Lorio 3D-printed, in-house, a negative mould of a scaphoid/lunate defect from avascular necrosis from which a silicone model was created, sterilised and used intraoperatively for flap planning. 106 In an interesting application, Chae et al described their technique of four-dimensional (4D)
printing whereby multiple models of the thumb and wrist bones were 3D printed from 4D CT scans to demonstrate their dynamic relationship.
Cartilage modelling
Three-dimensional assessment of nasal cartilaginous defect can be useful for planning reconstruction. Visscher et al demonstrated that 3D printing alar cartilages using MRI showed a mean error of 2.5 mm. 107 Interestingly, most of the difference was found in 3D printing the medial crus but the lateral crus remained highly accurate, probably due to its more linear shape. Recently, Choi et al 3D-printed a patient-specific negative mould from CT to create silicone nasal implants for augmentative rhinoplasty using in-house software 108 and demonstrated a mean accuracy of 0.07 mm (0.17%) with no complications. 66 Bosc et al, 109 Ganry et al, 110 Liang et al, 111 Mottini et al, 112 Schouman et al, 113 Seruya et al, 114 Rohner et al, 115 Saad et al, 116 Hanasono et al, 117 Ciocca et al, 118 Infante-Cossio et al, 119 Zheng et al, 120 Hou et al, 121 Antony et al, 122 Leiggener et al 
Intraoperative guidance
Use of 3D-printed fibular osteotomy guides for mandibular reconstruction has been studied extensively (see Table 4 ). 
Disclosure
The authors have no financial or commercial conflicts of interest to disclose. 
